
bY 

Raymond Edward Mineck 

i3.S. i n  Aeronautical Engineering 
Rensselaer Polytechnic Inst i tute  

1970 

A Thesis submitted t o  

the  Faculty of 

The Schoal of Engimering and Applied Sciences 

of the George Washington Udversity in  par t ia l  satisfaction 

of the requirements f o r  the degree of Master of Science 

May 1975 

Thesis directed by 

DT. Alvin M. Bloom 

Assistant Research Professor of Engineering 



RapOnd Edward Miaeck 

B.S, in Aeronautical Engineering 
Rensselaer Polytechnic! Institute 

A Thcsis subnitted to 

the Faculty of 

The School of Eh@neering and Applied Sciences 

of the George Washington University in partial satisfaction 
: 

of the requirements f o r  the degree of Master of Sefenca 

Thesis directed ‘by 

Dr.  abvin MI Bloarm 

Assistan% Research Professor 02 



ccsnpasi sons with The j e t ' s  

heerference effects are strongest at the lowest efYeetiPe welocity 

ratios and at locations nearest the jet .  The effects a r e  strongly 

dependent on effective velocity ratio and weakly dependent on angle of 

attack. me vectored-thrust j e t s  with the exits near the W b g  'trailing 

edge showed th9 most beneficial (least detrimental) hterference 

effects of the co&iguratjons tested. 

generally predict;ed the correct trpmde aabthough the levels were not 

The analyt;ical mthoff 

a5wa;ys correct, 



stitudbe to the ey Research 

&dance ad, helpful criticism. 
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The sis of %he aero 

vertical takeoff and landin@; (VTOL) aircrsfi is a more complex pmUem 

than that of cxxwntiom3. takeoff ax& 1 adrciaSt. Two 'of'*the 

reasons for the 'additional complexity are the need t o  account for the 

induced effects of the jet extraust snd the meed. for nonlinear aerodyrmzic 

theory in the transition-speed range. The transition-sgeed m e  covers 

the forward speeds be&ween hover and the minimum reqyired for whgbome 

flight.  D a r i n g  transition, the jet-exhaust flow is directed at large 

angles relative t o  the free streem. The Jet  exhaust interferes with the 

flow field around the afrcraft inducing 8 change in the forces on the 

&cra€%. 

Stream so that 11Sm aerodynamic theory can DO long& be applied. 

A neat &ea& of force data b s  been obtahqd op jet VTOL 

The aircraft may also f l y  at laxge angles relative to  the APee 

coaSigurations. 

body cor@igwa%iOn was hmestigated i n  Reference [l]. 

effect o f t h e  jet-exhaust location on a siPPple wlng- 

The results showed 



pitch-u. problem in transition which poses 8 t 

Another complete con 

lift-cruise" engine arrangement t o  obtain a VTOL capability. 

concept uses a lift jet; i n  hover and uses the vectored-tlmwt engines 

far lift i n  hover and transition and for overcoming the drag in cruise. 

This investzgation, presented in Reference [Si, also shows the Lif% loss 

and the pitch-up problem. 

the forces on each component of the aircraft such as the Puselage, 

naceues, and wing. 

obtained on the wing of the simple Wing body of Reference fil. 
pressure data were obtained in the investigations o f  References [2l 

Etnd [31. 

W s  

None of these investigations deal* deeply w i t h  

Also, only a limited amount df pressure data were 

No 

In the present investigation, a wind-tunnel. model was Wt and 
9 

tested to obtain force measurements and extensive pressure nmawemeats 

on the $buselage, nacelles, and wing. These data are needed to understand 

the causes of the interference p b l a x  8s w e l L  85 prcwide basic &ti3 for, 

cmpaxison with existing m a l ~ i c a l  methods. 



The experintental characteristics of %he jet nust oe itetemn,,.ned 

before the interfermce e f fec t s  can be understood a.nd ever&tua&ly aaalyzed. 

The problem has been shpLif led  by several investQato-rs to a jet 

exhausting from a fla% plate into a CrossfLow. 

the Jet in a crossflow have been conducted to deternine the j e t ' s  path, 

m o m a t = ,  and mass f l o w  as w e l l  as the pressures induced on the flat 

Several investi@;ations of 

plate by the j e t .  

References [ b ]  and f53. 

reported in  Reference 661. 

terist ics  of' the Jet. They are: (1) two counter-rotating vortices; 

(2) the separated w a e  &bind the ,jet3 (3)  the  entrsjmeae QP 

Some o f  these investigations are reported in 

The more complex problem of multiple jets I s  

The research showed four important cham- 

i n t ~  

$he jet; and (4)  the so l id  blockage of the jet. 

Rasly attempits (see Ref. ET]> to  analyze the charact;aSis%ics of the 

j& wed an empiricaJ. curve fit fcu: the j e t  path. HoweTer, the ladwed 

effects could not be readily handled with this approach. The e a r p i r k a l  

approac?h has been replaced wfth a s&-empSrical. approach which uses 

ptential f low to rm~del t b  j e t .  A - ~ ~ A S A  spposium errt;Atleti  "W - p i s  

af a Jet in a subsonir: Crossf~cw (Ref. L83)" presents aa overdew of both 

the e.xpex5.mmbl and the&&icaA mrk on the prpblem. Two a;ppa7o~h~ of 

the Jet and its interference effectis are the sinlr-dm;lbl& 

approach aad the vortex-3.at%ice appxoach. 
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e s i  

ed by WOQL essions for  the j e t  

derived a simplifying BS ion of the Jet  shape was . 
equations fo r  the j e t  momentum and continuity 

t o  the jet  were solved for the location of the $et centerline. %?he jet 

was then replaced by double2;s and sinks along the jet path represent- 

the blockage and t he  entraiment. The induced velocit ies are ca.l,culated 

from the strengths and locations of the sinks and doublets. The method, 

force the farce no 

which is limited t o  handling circular j e t s ,  has been expanded t o  treat 

various jet configurations. 

fied velocity profiles. 

treated - vaned Jet nozzle, lift fan, and high-bypass ratio turbofan, 

The wake effects or separation behind the Jet cannot be analyzed with 

Xt is capable o f  handling j e t s  with s t ra t i -  

Three types of velacity stratif%a%lon can be 

t h i s  potentid-flow model; however, i t  is believed that a source dishri- 

butioa ma$ help improve the results. 

t o  as W001er3s method, has been used as Lke basis of sev.era;i. other VTOL 

predict5un methods such as the  one presnted in  Reference [$O] .  

. Sever& vorbex-lattice approaches have been developed. 

This method, which is often referred 

One approach 

(developed by Monica1 (Ref e [ll})) can analyze fan-in-Wing VTOL aircraft. 

In this method, the wing is represenfed by a network of horseshoe 

voxtlcer;. The fan exhaust is represented by horseshoe vortex- aeuoxk 

distributed. SZYJUI~CI the circumference of the Jet  exhause wi%b the Uabourrd 

legs extenaing downstream. %e strengths of the  vortices are determined 

hy rer@ring no flow pass through the surface at specified control polnts, 

thereby neglectjag entrainment. The forces E?Z& maments m e  obt&.ned fram 



hs and locations of the d 

s the most advamced procedures it 

results from the presen't ~ ~ v ~ ~ t ~ ~ ~ ~ i o ~ ~  



BRIEF DESCRIPTION OF WOOLER'S 

FJooler's method is designed t o  analyze the jet-induced interference 

effects on a rJing or  a body or the unpowered aero&ym,nic characteristics 

of w i n g  or body i n  the nonlinear angleof-attach rsnge. The analysis of 
- .. 

each of these four cases is implemented using FORTRPLN compater programs. 

To analyze the jet-induced effects on 8 wing, the jet flow-field program 

is  used to determine the downwash field induced on the wing by $he ,jet 

exhaust. This downwash distribution is treated as 2 modified taagency 

condition which is then input to  the lifting-surface program. 

effects due to the induced flow f i e l d  from the Jet m e  then computed. 

%e 

To analyze the jet-induced effects on & body, cross-sections ofthe bo@ 

are mapped into 8 circle us- a mapping program. 

progrzun is again used to compote the induced f1ow an the cfrcular CTQS;S- 

section Qbtdned from the mapping progrgm. " 

used in the transformation program which computes the bdwed a-dynatnic's 

The j e t  f low-f idd 

The induced flow f i e l d  is 

and maps the results back into the original coord;tmte system. A non- 

lbear body aerodyndcs program is used to aneilyse the mpoWeBSd aerodp 

namfces of the body outside of the'linear s n g l e - o f - a a k  ra3lge. 

S3.nKl.rwr3.y, a nonlinear wlng aero 

wbag. 

cs program is used to analyze the 

Because only the'induced ef'f'eets on the Wing w i l 3  be 

discussed. A brief description, of these two pro OW; amre 



and the other pr ams in Reference 6133. 

J e t  Flow-Field ~I”O&;PEIILP 

The fundanenla3 problem i n  developing an analysis method was to 

. f o m a t e  .. a mathematical madel of the J e t  exhaUIsting btD a c=rossflow. 

When the Jet exhausts into the CPOSS~LOW, the higher pressures on’the 

upstream side of‘ t h e  j e t  and the flow i n t o  the jet deflect . the jet. An 

expression for the entrainment o f  flow into the jet was developed using 

dimensional analysis by accounting for the fEow perpendicular t o  the j e t  

and flow p a r a l l e l  to t h e  jet. 

The force on the j e t  boundary vas modeled by a crossf‘low-clrag 

coefficient. 

aad mamentmn equations for  the jet. 

me expression for entrainment is used in the continuity 

The farce on the j e t  is used ia the  

eqw,tion for the jet I s  carvature. Experimental data were used to 

detemfne fhe empirical constants in the entrainment model. To simplify 

the repseesen-tation of the jet, the jet shape was assu;raed t o  be an ellipse. 

These three equations for the je t ’s  curvature, mass now, SnPI m t w n  

were solved for the derivatives of‘ the j e t  posit ion, velocity, and 

diameter. Because the equations could not be solved in  closed fosm, they 

were numepically in$egra.ted. 

jee, the Jet is replaced by a sink distribution to accmnxt f o r t h e  

To evaluate the f%%r f3eld Induced by the 
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t y  induced by the s 

s induced flow field, e w m t e d  at con 

is used in the lifting-surface program t o  evaluate 

points on the wing, 

the effects of the 

nnodified f l o w  f i e l d  on the wing. 

Lifting-Surface Program 

The lif'tfng-srzrface program is an hplementation of the theory 

developed in Reference [14]. The lifting-surface program i s  based on 

the solution of t he  integral equation relating the dowamsh at a point 

on the wing t o  the product of a pressure loading function and a kernel 

function. The pressure loading f'unction WBS assumed to be a fini.i;e 

series With the constant undetermined coefficients. 

equation relatTd a downwash matrix to the product of a downwssfi control 

The redLtfng matrix 

point matrix and the unknown constant matrix of the pressure loading 

series, 

fnt-egrated for  the lift, induced drag, and pltchiogatOment coefficients 

on the wing. 

hasdle a wing in sidesl ip or a hiselage. 

The equation is solved for the pressure series whfch is 

The method can haadle 8 wing  with flaps,  trUt It c8911ot 
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The model used in  this  investigation was 8 vectored-thrust V/STOL 

configuration designed specifically to obtain extensive pressure Bata to 

identiPy the interference on the various aircraft; components. %e w b g ,  

fuselage, and vectored-thrust engine nacelles were equipped Wite pressure 

orifices.  A sketch of the mode1 is shown in P i m e  1. 

Tlae model was equipped with removable flaps, wings, empennage, 

vectored-thrust engine nacelles, and a lift Jet to determine the contri- 

bution of each component to the t o t a l  aerodynamics. The vectored-thrust 

engine sirnufators, which were mounted i n  fuselage-supported nacelles, were 

of the eJector'type which induced inlet flow. 

exits could be mounted 13.b cm (5.17 in.  ) below the w i n g  plane at the 

The vectored-thrust jet 

0.UZ or 1.U-E. The ext t  diameter was 9,2 em (3.67 in. ) . The vectored- 

thrust Jet exits could be deflected & n ~ h  at aughts of Oo, 45*, and 

90' from the horizontal plane. 

Thenodel was also equipped with a lift-jet siwtlsltor located 

16.8 an (6.63 in.) below the 

a simse convergeat nozzle Kithout an external air in+alre. The lif't Jet 

was limi.t;d to extmusting at 90' from the horizmt,a plane. me l i f t - j e t  

exit wa.s 5.7 cm (2.25 in.) in diameter. 

statfc pressare orifice were installed in the lift-3e.t; a t .  

plane a% the -0.11c". The s&miL8tor w&s 

A to%a& pressure p b e  and a 



between the two pressures w&s a. ref 

sf calibrations essure tha% &s used far the L 

A 45' partial-span flap could be installed on the wing to determine 

the effect of flaps. The flap chord was 20 percent f the local wing 

chord. 

wing at the 25-, 39-, 52-, and 80-percent sdspan locations* 

inboard row coincided with the centerline of the vectored-thrust jet 

exit. 

Chordwise rows of pressure orifices were loca4xd on the 1ef.t 

The 

The vectored-thrust nacelles covered up some of the orifices so 

camplete measurements of the pressures these were not always available. 

ALSO, pressure orifices were located on the bottom of the fuselage in 

three longitudinal rows and on top and bottom of the vectored-thrust 

nacelks .  Three basic thrust configurations were investigated: the 

l i f t - je t  configuration; the  frant vectored-thrust configuration; and 

the rear vectored-thntst eonfiguration. 

configurations are presented in Figure 2. 

Photographs of these three 



Before the model was tested at forward speeds, the thrust of each 

engine simulator was calibrrt.ted slaticrnlly. 

procedure can be found in Reference [lS] e 

Details of the ca,l,i'bratioa 

Experiment bas shown that a j e t  exhausting into quiescenf 

surroundings will induce f l o w  towards the Jet. This induced flow induces 

a pressure change on nearby surfaces. 

when calibrathg each engine simulator, the engine sbuikator was morrated 

!Po minhiae the induced effects 

on the bare backbone of the model. The forces abd mDokents from the 

engine simtilator were measured with a six-component strain-gage balance 

(see Flg. 3 ) .  The load range a d  the accuracy of the balance is  shown 

in Table I, High-pressure air was fed t o  a plenum chamber m e e d  on 

the balance. 

engine sirnulatom and the Uft-Jet simulator. At; static conditions, the 

The plenum chimbm supplied air to the vectored-the 

resultant force or thrust of the Jet was cabrated as a fwct%on of a 

refereace pressure. FOP the vectored-thrust engines, the engine plenum 

pressure! was used as t b  reference pressure; for the Lift jet, the Uft- 

Jet ex%' dyn&c pressure was wed-as the r&ermce pressure. 

CaUbrStion ws8 used to obtain the experbental nozzle-deflect5oa w e  

The sta t ic  

6j (or the 

vector. 

e of! the thnrst vector), and the loeation of the thmst 

Fpagl the reference pressure and the static caLibmtiOn, thc 
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speeds can, there d from the power 

The model was then tested i n  the Langley Research Center's V / ~ ~ ~  

Data were obtained with the power on at swreral heights above tunnel. 

the tunnel floor, The anininnun height for the mad& to be out of ground 

effect was defined &s the mininuan height where were no changes in the 

data with increasing distance from the ground. (See Ref. [16]. 1 A3.l 

subsequent testing wzhs done with the model at 8. heiglrt which was greater 

t h a  or equal to this  minimum height. 

Data were obtained both power on and Lawer off through angle-of- 

attack ranges and power on through effective velocity ratio ranges. 

The effective velocity ratio was determined using an effective j e t d t  

mea. The effective area A was the sum of the exit areas of the 

thrust devices'in use - the right and left vectored-thrust j e ts  and/or 

the lift jet- 

3 

The effediive velocity ratio was determined f?mn the 

following expression: 

From the defirdtion o f  the thrust coefficimt , %the relat9mship betwea 

2A 
S 
2.2- CT = 

ve2 
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i e n t  with velocity 

t jets  and the lift JetD e 4 f o r  the vect 

i ~ t ~ r ~ e ~ e ~ ~ e  effects of power, the mpswered ies the 

thaust, contri?mtions were removed Prom the power-on data, These direct 

thrust contributions were obtained from the engine static calibra.tlions. 

The thrust-removed data (distinguished with the subscript T) were 

obtained by subtracting the direct-tbrust effects from the basic da%a. 

For example, 
\ 

The interference i n c r w a t s  were represented by a A. 

noted that positive value of interference would imply beneficial 

It should be 

interference. The interference was obtained by removing the unpowered 

component from'the thrust-removed data. For example, 

Three basic thrust configurations were tested: the Lift jet, ths 

front vectored-thrust j e t s  deflected go*, and the rear vectosed-thnst 

je ts  deflected go*. Data wewe measured on the fuseJ.age alone, on the 

fusel.clge with the nacelles, s;ad on the 

wing and naps. QlLy the results from 

WZLL be discussed herein. !&e results 

and the horizontal tall effects can be 

fuselage! and nacelles with the 

these three tfmrs.t configmatias 

for the other thrust c m f  

found i n  References E161 and [IT], 



The data presented i n  this report have been resolved into the 

st-ability-axes system with the moment reference center at the quarter 

chord of the mean aerodynamic chord. (See Fig;. 5.3 The thrust was the 

resultant force from the j e t s  and is not related t o  a particular axis 

system. Physical quantities are presented in the SI units and 

parenthetically in the U.S. Customary Units. 

The results of the wind-tunnel investlg&&qn-are presented in two  

(1) in terms of conventional aerodynamic coefficients and basic ways: 

(21 in terns of force-thrust ratios. Force-thrust ratios serve two 

purposes. They 'can be tzsed t o  determine the load shsring between the 

wing and the jet, and they can represent data crmthuausly from hover to 

lazge forward speeds with reasonably sized numbers. 

effective veLocity ratio is  tbe pamnwter used in describing the jet and 

its effects, it was chosen instead of thrust coefficient for presentation4 

of results. 

velocity ratio has been used in experimental reports, For these 

reasons, the interference ata are-presented against effectt;j=pe velocjity 

ratia, 

Because %he 

The variation o f t h e  aerodynamic parameters With effective 

me resalts are presented as fouowS: 



al results fo r  the Lift-jet 
configuration e - .. (. . . e * e . 6 - XL 

Experimental results for the front 
vectored-thrust configuration e . e . . .-. 3.2 - 17 

Experimental. results for the rear 
vectored-thrust configuration e . . . . a 18 - 23 

Experimeutd results for the rear 
vectored-thrust configuration 
with flaps- . . . . . . e , . . . . . . 24 - 25 

fuselage with the lift je t .  ,, . . . 26 - 27 Experimentat resu l t s  for  the 

Ekperimental results for the 
fuselage with the front  
vectored-thrust jets. e . . . e . 28 - 29 

Comparison of experimental and 
theoretical results of the 
interference on the wing. . - e . - e e . e 30 - 33 

In the transition-speed regime of VTOL aircra%f;, the location o f t h e  

Jet exhaust has a large effect on the pressures ad, consequently, the 

forces OP tke airmaft. The three je%l;eexhsust locations used in this 

investigation were the lift Je%, fmnt vectared-thrust jets, and reas? 

v&or&-thrust jets.  (See Fig .  2.) These locations show many- of' the 

problems of VTOL aircraft. 

a 

L j . f t J e t  Configmatdon 

The basic w5ag-W~ qonfigurstion was tested w i t h  the l i2t  

lche basic 8-0 

(C, = 0 )  and with the pmer on at three differen% 

c d a b ,  are presented in Figure 6 wl%h the p o w  off 

CT se.1;.t;iIlgs. 



st c o ~ ~ f i c ~ e ~ t  iac 

the p ~ t c ~ ~ ~ r n o r n e ~ t  coefficients since t 

front of the model moment reference center. 'Phe obs 

pitching lnament are small and'do not present a trim problem, 

Increasing the thrust also decreases the lif!t-aur 

of this change arises from a direct thrust effect. 

slupe. A small past 

The component of 

thrust in the lift direction i s  

CjqThrust) e CT sin (a + 6 1 f 

and its derivative wi%h respect t o  ang3.e o f  at tack is  

Increasing the" th rus t  increases t h e  pitching-moment slope. 

a direct thrust effect because the thrust acts over a constant 8310 R. 

The pitching llloment due t o  thrust is 

This is not 

which is independent of angle of attack. 

The Jet  %nduces a local dawnwash which allows the Wring t o  operate 

at a Uher geometric angle of a t a k  before stal l ing,  This stall asgle 

increases with decrerzsiag effective velocity ra t io ,  

apprent f r o m  the wing pressure data shown in Figure 7.. 

profile across the  wing chord is 

Thtis I s  mure .r 

'phe pressure 



i ty ,  only part of the angle 

~~~~~ power at geometric angle o f  a+fack9 t 

positive local -le of a*tack inboaxd which decreases outboard. 

(See Fig. 7(a) e ) 

on the lower surface and negative pressure coefficients on the upper 

lkis is indicated by the positive pressure coefficients 

mrface of the leading edge of the symmetrical, airfoil, 

direction change is caused by t h e  interference of the fuselage, 

This f k W *  

As 

expected, the leading-edge negative pressures increase with angle of 

attack. The loss of the large negative pressure peak at 12' -.le of 

attack indicates that t h e  wing has stalled., 

Wi%h power on (Figs 7(b) snd 7(  e) ) a  the pressure profi9les are 

changed significantly. A t  0' angle of attack, the pressures netu the  

1e-g edge on the lower surface w e  less than on the upper surface. 

!This means tbt' the wing is i n  a downwash iie9d due t o  the jet .  Note 

t ha t  the  effects are gz=ea%est at the mnallest effective velocity ratb 

(largest thrust mePficSent) and a t  the locations nearest the jet exit 

(q = 0.25). 

12' angle of attaclr. fndieates the Wing has not yet stal led which Wees 

d t h  the results from farce data i n  Figure 6. 

21he large negative pressure peak on the upper surf8ce 

The bersic serodynamic data from Figure 6 had very large &if% 

coefficieats at how effective velocity ratios. At l o w  v-elocity ratzos, 

the jet effwbs tend to hnina%e the aerodynamic ef'feets. This 3 . q U . e ~  

tbt most of the Sf% cames froan t he  Jet. tlhen this is the case, conven- 

tional aera c coefficients can be miale I h alternative method. 

for presenting tbe data is a force-thrust ratio which puts emphasis an 
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the -jet  l i f t  sh ing, The rat ios  

conventional aerodynamic coefficients by the t h r u s t  coefficieat. ese 

force-thrus-k ratios have the added advantage that they are defined at  

hover or zero forward speed, 

force-thrust ratios through the effective velocity ra t io  range i n  

Figure 8. 

example, a configuration with 90' j e t s  8% zero l i f t  coefficient and 

angle of attack should have the  l i f t  equal to  the thrust; the l if t- thrust  

ra t io  should be 1.0. This would be true i f  there were no interference 

effects. 

efficiency" at 0' angle of attack. 

and fuselage are pushing down. A t  10' angle of attack, the Wing a d  

f'uselage are l i f t i ng  as is indicated from the lift-thrust rat ios  greater 

than 1.0. 

The basic data are presented in tierms of 

The l i f t - thrust  ra t io  i s  a type of ''life efficiency." For 

Note t h a t  t he  lif ' t-jet configuration has a poor "lift 

The j e t  is l i f t ing,  but the wing. 

The pitching-moment thrust r a t io  indicates that %he lift; jet has a . 
pitch-up probbm which is similar t o  the results found i n  RePeratces [2J 

and [3]. 

increases. 

As forward speed V, increases, the nose-up pi%ching moment 

This creates a trim problem for the pilot 

Because the direct-lhrust effects can disguise the wing aemdynamics, 

these effects have been r-eawved f r o m  the data, 

in Figure 9. 

po-wer-9n data should collapse on top of the power-aff dat8; however, th i s  

is not generally the case. 

thrwt-removed U2% coeflficients &re leS3 t u  the pm-O;ff  lift 

coefficients, 

!!!he res@- are presented 

If there were  no iaterference effects, the thrust-removed 

me m~se striking r e d t  i s  that all the 

As the velocitiy ratio decrezses, the diffe??eme between 



es 

se w i t h .  decreasing ef 

coefficient) e thrust-removed pitching moments do not show the sane 

t h a t  the l i f t  coefficient showed. The difference between the powe~ 

off and power on incmases wi th  decreasing velocity ra t io  for velocity 

ratios of 0.3 and 0.2; however, the opposite is true for the effective 

velocity of 0.1, 

The differences between the thrust-removed power-on data and the 

power-off data are defined as the interference effects. These 

interference effects arise from both t h e  fuselage anid the wing. The 

interference effects are presented though  the angle-of-attack range in 

Figure 10 and through the effective-VZ$Luc-ity ratio range i n  Figure 11. 

Because the aerodynamic coefficients lose t he i r  significance.at low 

speeds, t h e  interference has been divided by thrust caefficient. 

lift interference is detrimental at all angles of attack and effective 

velocity ratios tested. 

effective velocity ratio and weakly dependent on angle of attack. 

The 

The interference is s t r o e  dependent on 

The 

detrimental interference becwes larger as the velocity r a t i o  increases 

(thrust coefficient decreases), As the velocity ra t io  ELncreases, the 

j e t  is turned dawnsfxeesl closer to the fuselage interrfering with the 

f l o w  there. 

ion was tested with the vectored-thmsf 

nacelles Vith the Jet exits in  the front position and the nozzles 



20 

ends are very sinilar to those found with t 

but the effects  a r e  Larger. 

L i f t - J e t  and vectored-thrust configurations, care should be used when 

Because the exit areas are di3feren-t for the 

comparing the different configurations. 

at the same v d o c i t y  ratios, the thrust coefficients are  different, 

Mthough the data were obtained 

(See Fig. 4.) 

t h r u s t  Jets increase with decreasing velocity ra t io .  

also increases with decreasing effective veloci.ty ratio. 

The lift and the pitching moment, for the front vectored- 

The stall angle 

In the linear 

angle-of-attack range, the l if t-curve slope decreases, and the  pitching- 

mment slopes increusr w i t t i  illcreasing velocity rd t io .  ' AII explanation 

for these results czn be deduced from the pressure data. 

The pressure data for the front vectored-thrust configuration are 

shown in Figure 1 3 .  The pressure distribution at rt = 0.39 was integrated 

power off (Fig. 13( a)  1 through the angle-of-attack range to  obtain the 

section-lif't coefficient. The same procedure was owed for the power- 

on data (Fig.  13(b)). 

the w i n g  W be operating at a local angle of aetack of about 1.5' less 

Comparison of the section-lift, coefficients sfurwed 

tbsn the geometric angle of attack. T h i s  downwash from ;he Jet a l l o w s  

the geometric angle o f  attack to be larger before staU. with the power 

on than the power off. 

shows Large efects of power. 

A comparisonpf Figure 23(a) with 13(b) or U ( c )  

The most notfcesUe effect is the large 

r a o n  of negative pr&ssures on the lower surface which are not very 

sensitive to changes in mgle of attack. 

at the mi% tends to dominate the local flow field near the d t  

Apparent ly ,  the large ve.loci%y 
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l e  of attack. These induced e caused 

the j e t t  aust entrainin t he 

erst of effective velocity ra t io  on the forcethrust  ratios 

fo r  the front vectored-thst '  Jets is shown in Figure 14. 

there is a l i f t  loss  f rom the entrainment of  flow into the Jet. 

basic data show trends different gram the lift Jet. 

velocity ratios for both 0' and 10' angle of attack, the lirt ef f ic iem 

A% hover, 

The 

At low effective 

is less than 1.0. This effect is attributed t o  the je t s  drawing 

A t  the higher velocity ratios, the 
CL'CT 
flow from the wing's lower surface. 

aerodynamic effects increase and the l i f t  efficiency is greater than 1.0, 

The effects on t h e  pitching moment are similar t o  those of the  L i f t  jet. 

There is  the same pitch-up problem with increasing foMjard speed. 

The thrust-removed data are presented in Figwoe 15. anS.rn0s-t 

striking result is the large negative l i f t  coefficients a t  a,n effective 

velocity r a t i o  of 0.1. Most of the negative l i f t  is produced by the 

large region af negative pressure coefficients on the lower surface of' 

t he  wing near %he j e t .  There is a large difference (abou% 0-3 or  0.4) 

between the aerodynamic pitching-mcrments power on and power off. This 

large difference was not present far the lift-jet configuration where 

the largest difference was ab& 0.1. 

The interference effects are presexted thr- an We-of-at tack 

range in FZgUre 16 grid through an effective velocity rat50 rsnge in 

Figure 1". A t  

as those found for the lif-t-jet cenfigumtian. 

not str dependent o f  

effective vdocity ra%ios, the trends are the same 

The induced effects are 



eLocity ratios,  the li i ~ t e ~ ~ ~ r e ~ ~ e  is b e ~ e ~ i ~ ~  

R e a r  Vectored-.Thrust Configurration 

The wing-body was tested with the vectored-thrust nacelles in the 

rear position with the nozzles deflected 90'. 

presented i n  Figure 18, are similar t o  those from the front vest;ored- 

The basic results, 

tnrust configuration; however, there were 'cwo differences. At a given 

velocity ratio ( th rus t  coefficient), the lift coefficients are greater 

and the pitching moments had large negative values. 

pitching moments are caused by the large distance between the  thrust 

l ine and t h e  moment reference center. The increase i n  l i f t  can be 

explained using the pressure data. 

The negative 

The pressure data are presented in  Figure 19. The major difference 

between the front location (Figs. 13(b) or 13(c)) anB the rear loca t im 

(Figs. 19(b) or 19(c))  i s  the reductfon of the region of negative 

pressuses near the jet. 

t o  increase. 

!his reduced download allowed the lift 

The force-thrust data are presetrted i n  Figure 20. The l if t  

efficiency shows a small l i f ' t  loss  at smsll velocity ra t ios  at O* 813,gLe 

of attack. At a given ratio, the  efficiency is greater than it was for 

the front vectored-thrust jets.  lzle large, nose-aoWn pitching mcment 

poses a severe trim probZem, ff th i s  configuratFon could be trimmed, it 

would still have a pitcfi-up problem because CmlCT increases with 

ex? than the pitch up.foF effective velocity ratio, This pitch up is . -  

the front vector&-thrust j e t s .  
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Of 012 a d  O e 3 c  

~ 0 m e z t - t ~  w e  greater power on thaa power off, and the i~fference increases 

with decreasing effective velocity ratio. 

The interference data for the rear vectored-thrust jets are 

presented in Figure 22 for an angle-of-attack range and io Figure 23 for 

an effective velocity ra t io  range. 

detrimental lift interference at very IQW effective velocity ratios, but- 

The vectored-thrust jets do cause B 

the magnitude is much smaU.,er than fer the front vectored-t- jets.  

A t  velocity ratios of 0.2 and above, the interference is beneficial. 

Shifting the vectored-thrust Jet exits remward sigaifirmtly affec%ed 

the interference. This beneficial interference could be caused by a 

supercircula-tion or Jet-flap effect by the jet at the traiUag edge. 

was prevhusJy mentioned, this benefit comes with 

large nose-dam pitching aoment from the Jet9@ thrust, 

AS 

~ e ~ e r e  p d w  - the  

One method o f  
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the flagm inc eased the lift and 

pitching moment mre egalive. Although the c es in lift a d  gitc  

manent w e  compared t o  the to t a l  values, they w e  nonetheless 

important. 

t h i s  severe pitching-xnomcnt pendty  that the rear vectored-thrust je t  

had. This can be more easily seen by exmining the interference data 

!The increase i n  l i f t  due t o  flap deflection does not carry 

which are presented i n  F igwe  25. Adding the fLaps brought about a. small 

b e n e f i c i a  change i n  t h e  interference f o r  the rear vectored-thrust 

configuration. For the rear je ts ,  the J e t  exhaust entrains flow over 

the  flap which delays separation. Without t h i s  entrained flow, the free- 

stream f l o w  would separate from the  upper surface, and the l i f t  would be 

less than it would be without separation. 

Interference on the Fuselage 

!The fuselage without the wings was t es ted  with the Lift j e t  and 

with the f ront  vectored-thrust jets. By testing the fuselage alone and 

with the vectored-thrust jets,  the aerodyndcs and the interference of 

eaeh component can be calculated. To shpLif'y comparisons, the Wing 

area was used t o  ob%ain lift; and pitching-aamnt coefficients. 

basic da&a o f  the fuselage with the l i f% ,,Set are presented in Figure 26. 

At 0' angle of attack, the Lift aad pitcfiing monretrst were 0 with power off. 

This is t o  be expected for the nearly syannetrical fuselage. 

me 

The lift 

coefficient and pit'ching-mment coefficient increase w i t h  angle of attack 

uith the power off .  With power-on, t h e  l i f ' t  l e v a  iacreases relative to 

power off; however, the Lift decreases with angle of attack for V, e 0.3. 
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Because t h e  deb ament reference c the 3et9 the 

pitching moment increases w i t h  thrust .  

The jet-induced interference on th? fuselage through an effective 

velocity r a t io  range is  presented i n  Figure 27. There is a d e t r m t a l  

lift interference which increases with increasing effective velocity 

ratio.  This is expected because of the separated f l o w  region behind the 

jet and t h e  praximity of t h e  jet 's  path t o  the fuselage. 

The basic data for  the fuselage with  the front vectored-thrust 

nacelles are presented i n  Figure 28.. The trends are similar t o  those 

obtained for the l i f t  j e t  except the effecLs are  larger because of the  

different exit areas and thrust coefficients. Without power, the l i f t  

and pitching mcnnent. increase w i t h  angle of attack. Tfie nac&es are 

producing kif% ahead of the moment reference center. 

on the fuselage w%th t h e  front vectored-thrust j e t s  i s  presented i n  

Figure 29, 

increases w i t h  increasing velocity ratio.  

difference for OQ- and lo" -le of attack in the  lift interferwce, 

The interference 

The interference in lift decreases slightly and then 

There is a reLatively Smau 

The 

interference i n  pitching moment increases with increasing effective 

velocity ratio. 
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e for  the wing-body configuration. exami.nadian a f  the 

pressure air system needed for  the J e t  

build a model for  obtaining wing-alone data- 

Wooler's method are fo r  t he  wing alone and should not be earnpared 

directLy wi%h the  wing-body data, 

es it a*reslely aifpic 

The theorei;ical data from 

Since there w e  no theoretical methods 

t o  evaluate the interference on a wing-body configuration, the expepi- 

mentakdata must be manipulated t o  obtain wing-alone data. 

that the total interference can be divided up i n t o  a wing part, a 

It is assumed 

fuselage part, ana a mutual wing-body interference part. The fuselage 

part was measured experimentally and was presented in Figures 21 and 29. 

The mutual interfhrence betuecn the wing and the fuselege was calculated 

to be about 6 percent using t he  methods described i n  Reference 18 . 
If t h i s  mutual interference is neglected, the interference on t he  wing 

can be obtained by subtracting the fuselage (and naceUes when installed) 

data from the fuselage wing data as shown i n  the foll~wing sketch: 

- The experimental and theoreticsl 

interference effects induced W the lift Jet on the wing sone ase 
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Fi erimeneaJ. reauLLs s 

w ~ i c ~  wo~sens with increasing effective v ~ l ~ i t y  ratio 

The interference in pitching nt i s  very sm&Ll, The theorelzical 

results ape in reasonable agreement with the experimental results in 

both the magnitude and the trends, 

pitching moment  at 0' angle of attack was so close to 0 

show up on the scales used, 

wake affected the fuselage but not the w i n g .  

appears to be rqresesttative for  this case. 

The theoretical interference in 

that i% did not 

A possible-explanation is that the l i f t - je t  

The potential-fl.ow model 

The interference effects induced on the wing by the froht 

vectored-thrust jets are  presented-in Figure 31. 

results show a lift loss at smal l  effective velocity ratios which 

becomes a lift augmentation 85 the effective velocity ratio h C r ~ S 6 ! S .  

The theoretical, results show the correct trends although the 

magnitudes &iff er . 

!€'he experimental 

The fuselage alone was not tasted with the rear vectored-thrust j e t s  

because the region of  the fuselage affected by the jet .in the Front or 

the rear position was relatively. small eompazed to the t o t a l  length of 

the fuselage. 

with a s m U  clzange i n  Jet location. 

ference effects on the w i n g  from the rear vectored-thrust jets, the 

bterf'erence data op the fuselage alone for the front vectored-thrust 

j e ts  was mubtracted frcmt. the interference da%a far the wing bDdy with the 

r e  vec.tored-thrust jets. 

The interfereme in l i f t  should not drastically change 

Therefore, to  obtain the inter- 

These results axe presented %n Figare 32. 

fCha experfmental lift Zneerference is beneZicirt31 t h most of the 
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effective v oci ty  ratio r el The themeti 

trends for lift but not fo r  the pitching moment. 

the difference in pitching moment is t he  use of data f o r  the *ant 

vectored-thrust j e t s  with the fuselage alone to obtain the wing-alone 

data for the rear vectored-thrust j e t s .  

sffec.tred by the jet interference was about 'the same fo r  the front and 

the  rear vectored-thrust Jets. 

different .  

A possible reason for 

The surface area primarily 

The location of tbis surface area i s  

Therefore, the interference i n  lift is  similar for the two 

jet locations, but the  interference in pitcking moment is not similar 

because of the difference i n  location. 

Interference effects on the wing wi%h flaps. - "he interference 

effects on the wing with flaps are presented i n  Figure 33. 

experimental interference in l i f t  is benef ic ia l  through t h e  angLe-of- 

attack range. .The theoretical resu3.ts were obteined from t he  lifting- 

surface program which was modified to handle the partial-spaa flaps. 

The theoreticall l i f t  interference s b v s  the r ight  trends, but the 

magnitude differs. 

carrect trends fo r  the same reasons previously discussed. 

The 

The pitching-moment interference daes not &uw the 



The resrplts from t h i s  investigation show some basic c erisGics 

of the j e t  and its interference. The j e t  effects axe stronbest at the 

lowest effective ratios (highest thrust coef f icier+ ) aad at the 

location nearest the je t .  llzle Jet-induced effects are stro4gly dependent 

on effective velocity r a t io  and weakly dependent on angle o$ attack. For 

the Iff% j e t ,  the lift interference vas detrimental bn bothlthe wing and 

the fuselage. 

ference was detrimental at  low effective velocity ratios w# beneficial 

a t  high effective velocity ratios. 

v ~ t ~ e a - t h r u s t  configurations was more beneficid (or less/ detrimental) 

than the front vectored-thrust configuration. 

of a .severe nose-down pitching momen*. The flaps provided facrease 

fn lift with an increase in beneficial lift interference an# Without say 

severe p!=xial%y i n  pitching mcmrmt. 

For the vectored-thrust configurations, the  $ift inter- 

The interference on thelrear 

This cane at1 the expense 

The assumption of neglecting m u t u a l  wing-body ArseLsgeI interf'eeaee 

appears to have been warrateled. The thetoretied m a t s  g + U y  

pred9ct the correct trends and the levels are the righe ordF Of 
- 

a However, in view of the caanparfsona between the/ theory 

data taken in  the present inUestQation, .the Wd~Lrn metbd  
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e deficiencies i n  the e believed t o  be in the jet ~ l o w ~ ~ i ~ l d  

program and not i n  the lifting-surface program, 

related t o  how well the f o u r  characteristics of the j e t  are modeled. 

The method dues not account far t h e  separated region behind the  jet . '  

It does account for the blockage and entrainment with the empirical 

constants i n  the entrainment equations. 

The deficiencies are 

Tne method might be improved 

by better modeling of these nonpotential flow effects. 



Jet  Flow-Field Theory 

The development of the j e t  flow-field theory uses three basU equtions 

of motion. They are the  continuity equation, momen-hm equation, and 

Newbon's law. To simplify t he  computations, the j e t  density is assumed t o  

be equal t o  the free-stream densi ty .  The fellowing sketch describes the 

symbols used In  the derivation: 

The continuity equation fop a dffferenti&l length of the j e t  Is 

where E is %he entrainment of flow per unit length of the j e t .  

I%e mopLeatum equation for .- a differeatid. length of the Jet in the 

direction tangent to the Jet may be writ ten 
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Va sine = p d {A. V. 2 ) 
J J  

The sum 09 the forces perpendicular to the jet should e q u d  the product 

of the a s s  of the jet  and i t a  acceleration towards the center of R circle. 

The two forces perpendicular to the Je t  arise k-om the change in  veloci ty  

from the  viscous entrainment ctnd the force on the Jet bo- fratstlie 

free strean. Bewton's law may be written 

AjVj  2 
E Yo, cos8 + FB = p 

where R is j e t  curvature. The body force on t h e  boundary can be 

represented by the %wo-dincnsional drag coefficient of an U p s e  

An expression for the entrainment was Getieloped from dbensionrtl 

considerations. 

to b v e  the following fom 

The entrainment per u n i t  length of the j e t  wa3 ~w3suIped 

The first term accounts for the flog which is moving perpendicular to 

the Jet and the second term accounts for f3.w parallel to the Je. 

Exper3mental. obsemattons have shown tbt a circzitar jet  develops 

into a kidngy shape and mEthtafns a geometric 

moves duwrmtream. 

S shape as it 

Because it would be difficuLt to treat 8 kidney shgpe 
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exactly, the shape w w  s i q t l i f i e d  b-ko as1 U i p s e ,  

is treated in two  regions: 

erefore, the jet 

a developing region in which the 9 

from a circLe to a 4:l e l l i p se  and a developed region with a 4:l 

The developing region extends u n t i l  the j e t  has penetrated 0.3 -.lb- 

pse e 

V3a 2 

Qm &3 

i n t o  the free stream. The r&io of the depth to t h e  width of the j e t  

decreases linearly from 1 at tile exit to 0.25 at the end of the 

developing region. From geometry, the circumference and the area of the 

e l l ipse  ca,n be expressed in term of the  ellipse's major axis. In the 

C =  da 

r 1 

z JO and in the developed region where - > 0.3 - 
do 

C = 2.2rl.d 

A j  d2 

U s i n g  these basic equa%ions, the e p t i o n s  for the jet's size, 

position, and speed may be obtained, S'Lart3.q d t h  the mcnnentUm equation 
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j 
and then by dividing t h o u g h  by, V 

The second tern on t k  r igh t -bnd  side of' equatfon~(U4) is identical to 

%he right-hand s ide of equation (1.4). Substitztirg and collecting terms 

- _  

Substituting for the c n t r a i m w t  

Stazting w i t h  the continuity equation (see eq. (LA).) and by 
d d 

ex~md5,n.g the derivatives-and replacing - by cos6 - ds . dz 
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may 

R =  

Substitutinc t’cx the en”tl-aiq.mcnt a d  the body force 
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The probhm reduces t o  solving t 

(17A19 md (19A)) for the  jet’s d ~ ~ ~ ~ e ~   ti^^^ v 

diameter i n  ternis of its penetrztion. 

(%$ E2) and E 1 and the cross-flow drag coefficient a r e  s t U  unknown, 3 
The values for the entrainment parameters were chosen for good correlation 

of experbent&,. clatn. The drag coeff ic ient  of a,n e l l i p se  was obtained 

from Reference [ l t t f .  

However, 

W a S  

ti2c 

huwri;  tl;e.j,t; m s  replaced by a doublet distribution t o  represent 

blockaze and u si&- disl ,r ibuLL~~;i  to represent the entrainment as 

shown in the foUc~..crii.y: sketch 

Sink distribution Doubl e t  dis  trSbution 

l r \  



The sir&. s t r e n g t h  per unit distance is the eatrai 

the j e t  diameter 

m = , d s  E 

The velocity p c x m t i n l  f r x  a sink dy long is 

m 0 = - -  45rr dY 

Integrating the b&uccd veLocity across the length of t h e  ye't y5eld.s 
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Tne s t rength  of t h e  doublet; distzibiition i s  obtained from the complex 

.relocity pc;l;eii,$iaJ. for the  twc>-dirnensional flow past aa ellipse 

The velocity putent i -d  of a doublet is 

The components of velocity induced by the doublet are 
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- a= wi - - az; 

These conponents can be resolved into the X, Y, and 2 Zxss s y s t m  

kid = uf sine + vii cos8 

Vd = - vi 

wd = ui cos8 - wi sine 

The iiiducea velocity cc:i?pmeiits from the sinks and the doublets 8;Pe 

summed at each. control. p u i n t  arid nondimensionalized by the free-stream 

veLocity. 

Lifting-flcrf'aee Theory 

Tile lifting-surface thcury which is dbcussed in Reference T is 

base2 on a kernel function procedure. The basic qua t ion  is 

eqwtfon related the downwash w on the wlng to a pressure lo&dZng 

B e  kernel function IC is a w e i @ t i n g  function which gives the 
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do.mvasi~ ( x , y )  due to a unit load at {e3rl)- A fmte series was used 

reyesmt the pressure function 

N-1 M 

! q e )  - cos 2 8 f o p  n=O 

r = s , - -  COS8 
c?J 

K = l +  xO 

Sll’osti%uti..ng equtions (384) and (424)  i n to  equation (37A) 



or in m a " , ~ i x  form 

The nratrix equation is solved far  t he  coeff ic ients  of the pressure 

matrix. The coefficients are used in equation (38A) to o b t a i ~  the 

pressure loading which i s  integrated t o  yield the farces and moments 

on the Wing. 
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integrationo The integration yielded an equation of the  fo 

or i n  matrix form 

The wtatrix equation is solveit for the coefficients of the pressure 

matrix. The coefficients are used in'equation (%;A) to obtain the 

pressure loading which is intecrtsted t o  yield t h e  forces and moments 

on the wing. 



R CES 

123 Maxgason, RI 4 / . ,  Vogler, R. D., and Winston, M. I& Whd-me1 
Investigation at I a w  Speeds of 8 Model of the Kestrel (XV-6Al 

Vectored-must V/STOL A i r p l a n e .  NASA T10 D-6826, July 1972. 

[3] Margasoras R. J. and Gentry, G. L. Aerodynanu ' c  Chaxacteristics of a 

Five Jet  VTOL Configuration in the Transition Speed Range. 

iWSA Til D-4812, O C t .  1968. 

[kf Shm, C. S. and Maqason, R. J. An Experimental Investigation of a 
X k h b  Undeemanded Sonic Jet Ejecting From a Flat P l a t e  In to  a 
Subscmlc Crossflow. NASA TN D-7314, Dee. 1973. 

[SI Wu, J. C., McMahon, H. M. , Masher, D. K., and Wright, M. A. 
"Experinaental aad AnalyticaL Uvestigations of Jets Exbaustlng 
In to  a Deflecting S.t;reaun.'* AIAA Pan- 69423, Peb, 1969 

[6] Fricke, L. B., Wooler, P. T., and Zlegler, H, Wind-TuMel. 
Investigation of Jets Exhausting In%o 8 Crossplow. 

De. 1970. 
m L  TR-7O-L5b3 

42 



91 WooLer, P, T, 
Distribution 
In to  an firstrean." Jour- of Aircraft, VOL. 4, no, 6, 
NOT. -Dec I 1967 

f l O l  G o l d h k e r ,  M. L., Lopez, M. L., and Shen, C. C, 

f o r  SPOL Aircraft. AFFDL TR-73-146, Dee. 1973. 

flll Monica, R. E. "A Method of Representing Fan-Wing Combins.fions fo r  
Three Dimensional Potential  Flow Solutions .I' 

vol.  2, no. 6,  Nov*-Dec. 1965, 
Journal of Aircraft , 

[E] Stevsns, ufs R., and McDonald, J; W. Subsonic Lifting Surface Design 

and AnalyXs Procedure. 
A p r i l  1965. 

Bureau of Naval Weapons Rep. NOR-6Ll95, 

fl3] Wooler, P. T., bo, H. C., Schwendemaen, W. F., biasson, H. R., and ' 

Ziegler, H. V/STOL Aircraft Aerodynamic Prediction Met,bdS;. 

A F E ~ L - T R - ~ ~ - ~ ~ ,  vols. I-IV, Ja. 1972 
Vol. I - Thwretical Developments o f  Prediction Methods 

Vol. II - Appficakion of Prediction Methods. 
Vol. IaCl - Manual for CcoDputer Program. 

Vol. N - Literature Survey, 

Addison-Wesley Publishing Co. , Inc . Reading, MSSS., 1965 



4 

1171 Nine&, Ra E., and Margason, R e  3'. Pressure Distribution on a 

NASA TEI X-2867, March 1974 

[1.81 P i t t s ,  W. C. Nielsen, J. E. , and Kaatari, G. E. L i f t  and C e n t e r  
of Pressure of WinE-Body-Tail Combinations a t  Subsonic, Transonic, 
and SuDersonic Speed. 

[ig] iloerner, S. F. FLuid-Dynamic D r q .  S. F. Eoerner (&Usher) ,  
MidLand, New Jersey, 1965 



Load Range and Accuracy of the ce 

I Normal force 

Pi tch ing  moment 

I 
Rolling mcmcnt 

] ’ Yawing moment; 

I Side 

Load range 

2224 nt (500 lbf) 

890 nt (200 1M) 

33894 nt em (3000 iQ 1bf) 

11298 nt un (1000 in lbf) 

22596 nt cm (2000 in lbf) 

133b nt (300 lbf) 

Accuracy 

El.& nt (2.5 lbf) 

k - 4  nt ( L O  lbf) 

169.5 nt em (15.0 in Ibf] 

56.5 nt cm (5.0 in UZ) 

U3.0 nt cm (10.0 in 1bf) 

6.7 at (1.5 lbf) 



: 
! 

\ i 



I 



' .  P 

t 

i 

. >e-  

+ 

i. . 



! 

I . '  
f x  

f 
t 

. .  

i .  . .  

t 

* .  
i 

. .. 

. 

a 

a 
B 



I 

: .  
c- - 

,. . 

i 

. .  
n u 
W 



\ 
\ 

a? 
N 
N 
0 
C 

- 
4 

4 '  
L -  I 



.. 
0 .I .2 .3 .5 





4.5 

4.0 

3.5 

, 3.0 

2.5 

1.5 

t .o 

.5 

0 

...... -.- 

. . . . . .  . . .  .;I..; .(...' 
*!..l:.;l.:~ .. ......... 12; 
. . .  1 -. . .... *. .., -*- 

. . .  I .. - .  ' - * -  
T .  . _  
. . .  ..,. .... 

... 
. I  ~. i . . .  ..-*,. --. 
. . . .  

I . . -  *.-* i . . * 1 .  .-. 

E -. d 



. 
P 
I 

4 d 
0 

rk 

? I &  &- 
U 

1 J 

P 

U J  = -  
3 

. a  
a * -  . 

=; 4 

r a -  

‘ s  
n 
n? 
p. J 

F 



m y - o -  
'r 
U 

1 1  3 

7 1 4 1 - 0 -  
3 

- 0 -  

I 3  

- 0 -  

' 4  
n 

& 

o? 
a' 



q r w r o e .  

' 3  

p! . 
U 

L.. c y - 0 -  
k. 
U u' 

n 

P 
a! 
w 





n 
' I '  \ 

V 1 z 
f 



n 

V 

.. . 

'is. 

0 

m 



n 
j 
V 

P u e 

t 
% 
f t 
4) 



3.0 

2.5 

I .5 
.-.. -- . .-.. . . . .  1 

.5 

0 . ...- :..-. .. . . .  .. . .  

. .  .-., .! '  . .-) . ) .  
- .5 



dol 
"i 

o 3  
9 4  

a 

3 

3 
v) 
vt 
Q, e e 

0 

9 
e 

F 



c P 7%" - 
U 

O P  . 
bQ . 
00 

0 '  
4 

o d  

c Y "&"  - 
U 

s 
P 

L - . L  . ' : y ; o -  
3 

!] W 

00 I 

*! 

X '  
"i 

f i .  

3 
w- : 
II 
04: 

? 
3 

00 4 
5 
P 

0 

U 

d 
o c  

8 4  
0 0  

3 
E 

0 :  
1 -- 

3 

f 



P 
II 0 0  Oj 

I I I  

4 

0 0  a '$ 0 

0 

0 

**, 
N 
0 

9 

4 

? 

U U W 

0 

Q 
0 

N 
.? 
c 

0) 
a? . 
lb 



i\ 

u c i  

0 

u) 0 

df 0“ 

a c 
O 

U 

L- 

- 0-4 

f 



t 
i 

v 

- -  
I 





I .  
I .- . - .  

1 . . .  
i . . . ; ; . . .  

. . .  

E.-.. .. 

1 .. 
i :  

r -  i p  
-i- 1 

! !  
I '  

. .  ....* . .  
i ! j  

.... . . .  

. .  

. . ,  i i  ' 1  . i ......... . . ,  . 
1 .  . .  , .  . .  

. 1, :.f I.: Li 
. . .  ' .  . ,  . . ,  . . . . . . . . .  

. - . . .  .. 

.......... 

.... 
I !  

. . a .  . .  1 : .  , . . I , .* . . .*4;+ .. 
' . , e .  

3: ' ;  
... +I" 

8 ' .  

. . . . .  .... , . 
, .  i 

. .M . 
. ' i  

, . . i .  
4 .  ... ;-I:, . . . I  . . . . . .  
* .  . 

. . !  . .  . . . . .  

. . .  

I 

*. ... 
. i  ' . I  : :  
*- . .  ,I.. : .*..- 

I :  

. . . . .  -.:-.- 
i . ! ,  1 - . . . .  . . .  , ... 

a# c 
b 
9 

_. . 



1 

13.5 

I 

3.5 

3 .O 

25 

1.5 

i .. ,7.J...iY$: .-f ... 1 .. .,. :. . .a- +.,- .-...*-- *_. . t . 1 : -  

in 

15 Z Q  2 5  

-20 

Cm 
I - . . *  -25 . . .  

. . . . . . . . . .  
. . . .  . .  . . . . .  . .  

4 . I .  . 

-3.0 . .: . 



c: 

U 

' 3  

T 
c;: 
o ii 

0 

J 
P .  

a! 
?" 

5 rj 
s n  

d 
s 
n 

f 



Q ?  p :  
T, "4 
0 6  

z. : . .. . 

4 
@? 
0 
u 

>" 

i 

A 
a. 
cn' 
0% 

f 

" ? y o -  .A> 
u" 

0)  
+f? 
P .  

m 
rr! 
c 



c 
(u ; 
5 1  

0: 

j i .  
a i  

N ;  

0 '  
p :  
0 ;  

a ;  ". ... 

o? 

O1 :j 
0 

s 
F 

Al n 
F.' 

4 

~ 

0 

0 

. 
2 
U 

!? 

i i  b Ir; 



- 
h c! 
. i, N 

'. i 
' J  

. . .  
' . i . :  ; -_. .1 

' , . . I *  ! .  ' ;  . , .  . . . .  I 

, . . . . . . 
,.i..-. . .  . . . .  . .  
, , .  , . . .  t . . . .  
. , . . , . . I  

. : . . a  . l  

.-..-I-.. 

:;;;:::: 
. ; I .  . 
. . ? . .  . 
I .  
..... .... 
. .  . .  . * . .  . . . .  -,-.. . , . .  . ,  

I , .  . :  
i ; ' .  . . : .  

t ! . f ?  . 
! .  . ::!:::: - . . .  
, . .  , .  I 

m 

u o  'I + 

I L I 

1 I I 



n 
V 

b c 
3“ 

mm 
0 



n 
. 



P, 



C 



p: N 
I" 

4 d=. N 
I 



0 
1z) 0 

E 
c) 



OJ 

5 

n 
V- 

c e? 



A 
V 



n 
V 





8 
f 





-. .- 

~.~ . . . . )  . , . :j: ,: . . 
---r 

. I  

. , . : I  . .  

. . . .  

. I  . ..... i . .  - 
. . . .  a . 

cq cu 
I' 

0 


